hypertension. In addition, systolic BP increased with CKD stage progression, while diastolic BP was not significantly different. Age, female, body mass index, increased pulse pressure, CKD stage, and levels of fasting glucose, total cholesterol, hemoglobin, and proteinuria were significant factors associated with poor control of BP in hypertensive CKD patients.
Original article
The prevalence of chronic kidney disease (CKD) has consistently increased in the United States. According to a recent National Health and Nutrition Examination Survey (NHANES), CKD prevalence increased by as much as 16.8% in patients over the age of 20 between 1999 and 2004, whereas the prevalence increased only 14.5% from 1988 to 1994. 1 CKD is a risk factor for cardiovascular events and higher mortality and is associated with a poor quality of life and greater health care costs. 2 The overall mortality rate in CKD patients increases as CKD stage progresses; 69.1 in CKD stages 1-2 to 89.7 in stages 3-5 per 1,000 patient-years at risk. [2] [3] [4] Moreover, cardiovascular mortality is highly correlated with CKD; it linearly increases with diminishing glomerular filtration rate (GFR). 2 Considering health care costs, Smith et al. 5 reported that patients with CKD spend an average of $14,000 to $22,000 higher per patient-year for selfcare compared with age-matched controls without CKD.
Hypertension is the second most common cause of endstage renal disease in the United States. 6, 7 In addition, hypertension frequently coexists with CKD 8 and is associated with more rapid progression of CKD as well as the development of various cardiovascular diseases, 6, 7, 9 which is the most common cause of death in CKD patients, thus it is regarded as an important therapeutic target for CKD. However, blood pressure (BP) is generally inadequately controlled in the CKD population. 10 More than one-third of patients with CKD stages 1-2 are unaware that they have hypertension, 14% are untreated, and only 11% are treated adequately. 2 To achieve and maintain adequate BP control, most patients with CKD require a combination of antihypertensive agents, often up to 3 or 4 medication classes may need to be taken simultaneously. 11 To the best of our knowledge, no studies have assessed BP management among hypertensive CKD patients, stratified according to the CKD stage. The aim of
Blood Pressure Control During Chronic Kidney Disease Progression
Seulbi Lee, 1, * Hyung Jung Oh, 2,3, * Eun-Kyung Lee, 1 Oesook Lee, 1 Eunhee Ha, 3, 4 Seung-Jung Kim, 5 Duk-Hee Kang, 5 Kyu Bok Choi, 5 and Dong-Ryeol Ryu 3, 5, 6 BACKGROUND Hypertension is a major cause of end-stage renal disease, and blood pressure (BP) control is crucial in patients with chronic kidney disease (CKD). However, it is generally inadequately controlled in CKD patients. We investigated the prevalence of CKD patients with inadequate BP control and its related factors, based on the CKD stage.
METHODS
We analyzed the health examination sample cohort database, which consisted of the randomly selected participants among all the citizens who received the health examination provided by National Health Insurance Service of Korea in 2012 and 2013.
RESULTS
There were 27,350 CKD patients (7.9%) out of a total of 345,044 participants. As CKD stage progressed, there were more patients with poorly controlled hypertension compared to those with well-controlled this study was to investigate the prevalence of inadequate BP control in adults with CKD based on the CKD stage. In addition, we evaluated the factors related to inadequate BP control in CKD patients.
METHODS

The health examination sample cohort database
In Korea, the National Health Insurance Service (NHIS) provides general health examination to (i) regional insurance subscribers who are a regional household member and household members who are 40 years or older, (ii) employee subscribers and their dependents who are 40 years or older, and (iii) medical aid recipients who are a household representative 19-64 years of age and household members 40-64 years of age. With the exception of nonoffice workers, these individuals are required to have biennial health medical examinations; nonoffice workers are required to have annual examinations. 12 The health examination sample cohort database included 10% of the whole participants who underwent a health examination provided by the NHIS between 2002 and 2003, using simple random sampling, and they were followed up until 2013. The proportion which performed health examinations among whole same-aged population in Korea was approximately 40% in 2002, while it increased up to 68% in 2013. 12 
Participants
We performed all analysis using the health examination sample cohort database. A total of 345,895 people received the health examination in 2012 and 2013; we excluded 623 people who had missing data values for BP, and 228 patients who performed chronic dialysis. A total of 345,044 participants were included in this study.
Data collection
Demographic and clinical data recorded during the health examination included age, sex, body mass index (BMI) calculated as weight/height, 2 systolic BP (SBP)/diastolic BP (DBP), and the prescription of antihypertensive drugs were collected. BP was measured at mobile examination centers by trained examiners. SBP and DBP were measured 3 times, and the average of the second and third measurements was used for analysis. 13, 14 The following laboratory data were measured at the same time that these populations underwent health examinations: fasting blood glucose, total cholesterol, triglyceride, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, hemoglobin, aspartate aminotransferase, and alanine aminotransferase. Moreover, we stratified these enrolled populations into 5 groups [(−), ±, 1+, 2+, or over 3+] by proteinuria that was measured by the dipstick test. Estimated GFR (eGFR) was calculated using serum creatinine levels measured at a visit. where serum creatinine was in µmol/l (to convert from mg/ dl, multiplied by 88.4), κ is 61.9 for females and 79.6 for males, and α is −0.329 for females and −0.411 for males.
The group with an eGFR ≥ 60 ml/min/1.73 m 2 .
(ii) CKD stage 3
The group that had 30 ml/min/1.73 m 2 ≤ eGFR < 60 ml/min/1.73 m 2 .
(iii) CKD stage [4] [5] The group that had an eGFR < 30 ml/min/1.73 m 2 . However, this group did not need dialysis.
(iv) Hypertension
Populations that had already received a diagnosis of hypertension or who had been taking antihypertensive drug(s) within 6 months from the defined enrollment time. 
Statistics
Continuous variables were expressed as mean ± SD and categorical variables as a number (percentage). Populations were stratified into "Non-CKD, " "CKD stage 3, " and "CKD stage 4-5" based on the eGFR value, and the baseline characteristics were compared among these groups using a linear contrast trend test for continuous variables and CochranArmitage Trend test for category variables to show the trends for each variable across CKD stage. Patients were classified into "well-controlled" and "poorly controlled" groups among hypertensive patients based on measured BP. Furthermore, we used relative values to determine the relative prevalence of poorly controlled hypertension compared with well-controlled hypertension as CKD stage progressed.
We performed multiple logistic regression analysis to examine the effects of baseline characteristics on BP management in CKD hypertensive patients [odds ratio (OR) and 95% confidence interval (CI)]. The stepwise selection procedure was used to identify predictors for an optimal model. Some participants had missing values for predictor variables and were excluded from multiple logistic regression analysis. Meanwhile, there were too many non-CKD compared with CKD patients. Thus, we used inverse probability weights to adjust for covariate age and sex, and compared BP management according to the CKD stage. This analysis was conducted using the R, mnps function using a generalized boosted model for regression with more than 2 treatment groups, 16 and the other analyses were conducted using SAS version 9.4 and a P value less than 0.05 was considered statistically significant.
RESULTS
Baseline characteristics
Baseline characteristics stratified according to the CKD stage across all participants are shown in Table 1 . The number of CKD patients in this study was 27,350 (7.9%) among a total of 345,044 participants; 25,783 in CKD stage 3, and 1,567 in CKD stages 4-5. The overall mean age was 61.5 years, 185,809 (53.9%) were men, and the overall mean BMI was 24 kg/m 2 . The average age, BMI, and waist length were decreased in CKD stage 4-5 compared with CKD stage 3, while there were a greater number of men in CKD stage 4-5 than CKD stage 3. In addition, more patients had concomitant factors such as hypertension and/or diabetes mellitus as CKD progressed; most of these populations were supported by National Health Insurance, irrespective of CKD stage. Moreover, SBP was increased as CKD stage advanced, while DBP did not show significant change among these groups. Serum levels of total cholesterol, triglyceride, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, hemoglobin, aspartate aminotransferase, and alanine aminotransferase were decreased with the progression of CKD, whereas fasting blood glucose and proteinuria were increased. Furthermore, there were more persons who did not take the agents in non-CKD (60.7%) relatively compared with those in CKD patients (31.2% in CKD stage 3 and 29.7% in CKD stage 4-5), while the percentages of taking these drugs were significantly increased as CKD stage was progressive compared to non-CKD population ( Table 1) . Table 2 shows that there was an increase in the number of patients with poorly controlled hypertension as CKD stage progressed, whereas there were fewer patients with well-controlled hypertension as CKD stage advanced. We investigated the relative prevalence of poorly controlled hypertension compared with well-controlled hypertension in each CKD stage, and compared the relative values as CKD stage progressed; the relative value significantly increased when CKD stage advanced, suggesting that there were relatively more patients with poorly controlled hypertension compared to well-controlled hypertension as CKD stage progressed (Figure 1 ).
Prevalence of well-controlled and poorly controlled hypertension
Comparison of pulse pressure between patients with wellcontrolled and poorly controlled hypertension stratified according to the CKD stage
Pulse pressure, which was defined as [SBP − DBP], was calculated and demonstrated according to the CKD stage between patients with well-controlled and poorly controlled hypertension in Table 3 . Mean pulse pressure was significantly increased in each group as CKD stage progressed, but increase in pulse pressure with advanced CKD stage seemed to be higher in patients with poorly controlled hypertension compared to those with well-controlled hypertension ( Table 3) .
Multilogistic regression analysis to identify factors related to poorly controlled hypertension
Next, we performed multilogistic regression analysis of CKD patients to determine which factors were significantly associated with poorly controlled hypertension. Based on an increase in 10 years of age, 1 kg/m 2 of BMI, 10 mg/dl of fasting blood glucose, total cholesterol, and 1 g/dl of hemoglobin, the ORs for developing poorly controlled hypertension were 1.126 (95% CI; 1.095-1.158), 1.012 (95% CI; 1.009-1.025), 1.025 (95% CI; 1.008-1.032), and 1.092 (1.080-1.103), respectively. Moreover, female had more risk for inadequate control of hypertension compared with male [OR = 1.057 (95% CI; 1.025-1.089)], whereas the subjects with diabetes mellitus had less risk for poorly controlled hypertension compared to those without diabetes mellitus [OR = 0.924 (95% CI; 0.899-0.950)]. The ORs of proteinuria 1+, 2+, and over 3+ compared to proteinuria (−) as a reference value were 1.256 (95% CI; 1.162-1.358), 1.525 (95% CI; 1.362-1.708), and 1.600 (95% CI; 1.328-1.925), respectively, while the ORs of prescriptive numbers of antihypertensive drugs (1, 2, 3, and ≥4) compared with nonprescribed subjects as a reference value were 0.492 (95% CI; 0.462-0.523), 0.568 (95% CI; 0.533-0.605), 0.614 (95% CI; 0.569-0.662), and 0.569 (95% CI; 0.490-0.661), respectively. When we stratified those patients with 3 groups based on pulse pressure (<45, 45 to 50, and >50 mm Hg), we found that the ORs of pulse pressure with 45 to 50 or >50 mm Hg compared to pulse pressure with <45 mm Hg, were 1.234 (95% CI; 1.189-1.281) and 5.365 (95% CI; 5.198-5.538). Furthermore, the ORs of CKD stage 3 and 4-5 compared to non-CKD were 1.082 (95% CI; 1.041-1.123) and 1.213 (95% CI; 1.054-1.393), respectively ( Table 4) .
Prevalence of well-controlled and poorly controlled hypertension stratified by proteinuria
Meanwhile, proteinuria is a well-known risk factor for CKD progression. [17] [18] [19] Proteinuria also increased as CKD progressed, based on the results of this study (Table 1) . Moreover, proteinuria was strongly associated with the development of poorly controlled hypertension among CKD patients (Table 4 ). In addition, the prevalence of poorly controlled hypertension was increased compared with well-controlled hypertension as proteinuria increased ( Supplementary Table S1 ). Altogether, the results indicated that the proportion of patients with poorly controlled hypertension was increased as CKD progressed and the degree of proteinuria increased (Supplementary Figure S1) .
Prevalence of hypertension in age and sex-weighted populations according to the CKD stage
When we conducted inverse probability weights to adjust for covariate age and sex, and compared BP management according to the CKD stage, SBP was still increased as CKD stage progressed like as an above-shown result (Table 1) . However, there was no significant change in DBP according to CKD stage even in age and sex-weighted populations (Supplementary Table S2 ).
DISCUSSION
In this study, we demonstrated that there were significantly more hypertensive patients as CKD stage advanced, and that the ratio of patients with poorly controlled hypertension compared with well-controlled hypertension was also significantly increased with progression of CKD stage. Moreover, patients with poorly controlled hypertension had more proteinuria compared to those with well-controlled hypertension. Furthermore, pulse pressure was significantly increased in each group as CKD stage progressed, and pulse pressure was independently associated with poorly controlled hypertension.
CKD is associated with a high risk for cardiovascular disease, 9 and cardiovascular mortality increases linearly with diminishing GFR. 2 Meanwhile, hypertension frequently coexists with CKD, 8 and the coexistence of hypertension with CKD can induce more rapid progression of CKD. 20, 21 Moreover, uncontrolled BP management is a risk factor for developing CKD as well as rapid CKD progression. 6, 7 Thus, several studies have emphasized the importance of BP management to reduce the rate of cardiovascular complications and attenuate the rate of GFR decline in patients with CKD. [22] [23] [24] However, adequate BP control remains suboptimal. 2, 10 We conducted a subanalysis for BP management with well-controlled and poorly controlled hypertension and compared values between non-CKD population and patients with CKD 3 stage. The results indicated that there were no significant changes in the ratio of poorly controlled hypertension compared with well-controlled hypertension (Table 2 ). However, we found a higher ratio of poorly controlled hypertension compared to well-controlled hypertension in patients with an advanced CKD stage, defined as CKD stage 4 or greater, compared with the non-CKD group ( Table 2) .
As previously mentioned, hypertension is a risk factor for developing CKD, and poorly controlled hypertension leads to rapid progression of CKD. 6, 7 However, there were more patients with poorly controlled hypertension compared with well-controlled hypertension as CKD stage progressed in this study. The inadequate BP management in advanced CKD might result from volume expansion and increased vascular resistance, which are well-known causes for BP aggravation in patients with CKD. [22] [23] [24] In this study, we were not able to directly measure volume expansion and systemic vascular resistance, which was a limitation. Instead, we calculated pulse pressure based on [SBP -DBP] among these patients, and we found that pulse pressure significantly increased as CKD stage progressed, which suggested that vascular stiffness might aggravate as CKD stage progresses. 25 In addition, multilogistic regression analysis showed that the development of poorly controlled hypertension was independently associated with CKD stage progression even after adjusting for age, sex, BMI, fasting glucose level, total cholesterol level, proteinuria, the presence of diabetes mellitus, the prescription of antihypertensive drugs, and pulse pressure (Table 4) . However, the presence of diabetes was revealed to reduce the risk of development of the inadequate control of hypertension compared to without diabetes. Moreover, the development rate of poorly controlled hypertension was decreased in the patients who took antihypertensive agents compared with those who did not take these drugs. We surmise that the patients who had diabetes might be paid close attention by their physician and their BP could be kept relatively better, even though the reason why the presence of diabetes could reduce the development rate of poorly controlled hypertension is not clear. However, pulse pressure and CKD stage 3 or 4-5 were still significantly associated with increase of inadequate control of hypertension even after adjusting for the presence of diabetes and usage of antihypertensive drugs including previous several variables. There were several limitations to this study. First, this study was a cross-sectional study. Thus, it was difficult to show the effect of the initial variables on the final clinical outcomes. Second, we could not find other important data which are associated with BP, such as dietary sodium restriction, individualizing dialysate sodium, dry weight management, and adequate duration of dialysis provisions, because those data originated from the National health examinations provided by NHIS. Third, in this population, there were fewer CKD patients or patients with an advanced CKD stage compared with the number of non-CKD patients. Therefore, the interpretation of these results might be affected by the biased distribution. In the point of view, we conducted subanalysis with only advanced CKD groups, and we found that there were more patients with poorly controlled hypertension than with well-controlled hypertension. Moreover, we showed that the prevalence of poorly controlled hypertension was higher than that of well-controlled hypertension as CKD stage progressed, even after weight was adjusted for age and sex. Furthermore, this study included a large population, and is the first, to our knowledge, to show current indications for inadequate BP control in patients with advanced CKD based on CKD stage progression.
In conclusion, in this study, there were more hypertensive patients at an advanced CKD stage. Additionally, there were more patients with poorly controlled hypertension compared with well-controlled hypertension as CKD progressed. Moreover, pulse pressure was independently associated with poorly controlled hypertension, suggesting that vascular stiffness seems to affect BP management with CKD progression. However, future investigation for causal relationship between poorly controlled hypertension and its related factors should be warranted. 
